Abstract -Aquaculture is a rapidly growing global industry, comprising cultivation of various freshwater and marine species of finfish, shellfish, molluscs, and ornamental fish. By the year 2000, as much as 20% of the world production of fish will be based on aquaculture. Properly formulated feeds are a significant part of successful aquaculture. Carotenoids play a major role in culture of salmonids such as Atlantic salmon and rainbow trout. Various biological and nutritional roles for carotenoids in salmonids are documented along with the effect of biotic and abiotic factors on astaxanthin transport and retention and final flesh pigmentation. Relevant recent feeding results are presented.
and, within the past several years, in Chile. Since 1979, production in Norway has expanded from approximately 4,000 MT to over 150,000 MT in the early part of this decade.
With anadromous salmonid species, such as the Pacific and Atlantic salmon, the fish exhibit two distinct life stages, one spent in fresh water (egg and juvenile) and the other under sea conditions (adult). This process, designated smoltification, comprises physiological, morphological, and behavioral changes in which the composite effect of nutrition and carotenoid status in all likelihood plays an important role. With manipulation of the many hatchery variables affecting smoltification, survival of hatchery-reared fish in the wild is a subject of increasing importance. It has been suggested that salmon fry, or alevin, from broodstock deprived of dietary carotenoids, may have low survival rates, i.e. <15%, compared with those from broodstock receiving properly supplemented diets.
Advances in aqwulture. feed oroc-.
and nut rition In addition to actual culture operations, tremendous growth has occurred in numbers of feed manufacturing facilities worldwide as well as organizations involved in supplying feed ingredients or additives, algae for larval culture, vaccines, antibiotics, disease diagnostics, and other products that may be required for successful aquaculture. Also, there is an increasing number of organizations supplying services, equipment, and engineering skills to meet the particular aquaculture efforts. The fastest growing segment of the international feed industry is that of feed production for aquaculture. From 3.6 million MT in 1988, aquaculture feed manufacture is expected to increase to as much as 14 million MT by the year 2000. Feed costs represent as much as 40-60% of the total operating expenses in an intensive aquaculture endeavor, especially with carnivorous species such as salmonids.
Significant growth in aquaculture is evident in culture system design and engineering, feed processing technology, and nutrition. A variety of improved aeration practices has significantly enhanced production of fish and crustaceans, leading to establishment of feeding concepts correlated with the amount of supplemental aeration supplied. Rapid strides in engineering have facilitated development of intensive re-circulating systems in which physical factors can be effectively monitored. In feed processing, improvement in extrusion techniques allows more effective feed manufacture, notably conditioning processes in which enhanced gelatinization of grain products imparts improved feed digestibility and superior feed conversion ratios. Equally important characteristics of extruded feeds are pellet technical quality and a high oil absorption capacity needed for high energy diets. Information is rapidly accumulating on nutrient requirements, practical feed formulations, and factors underlying more cost-effective feed conversion ratios. Included are specific investigations of lipid metabolism and essential fatty acid requirements, and the role of ingredients such as phospholipids, especially phosphatidylcholine, in first-feeding diets. In salmonids, numerous investigations have involved carotenoid metabolism, and the biological role of astaxanthin and factors affecting its transport and deposition in muscle tissue, as well as its proposed function in reproductive processes.
Among current issues in salmon nutrition are those of increasing demand for high-energy/ low-pollution feeds, a need for more efficient growth and feed conversion, and lessening of the potentially deleterious impact of high density culture operations on the immediate environment. Equally important is the effect of nutrition on fish health and final product quality. Various vegetable proteins, especially soybean meal, are being evaluated for gradual replacement of the high amount (>SO%) of fish meal used in many dietary formulations. Fish meal may represent as much as 60% of total feed cost, especially when high-quality meals are utilized. Efforts are being made to utilize fisheries by-products as well as locally produced feedstuffs.
CAROTENOIDS IN AQUACULTURE
Recent review papers on carotenoids and salmonids, with special emphasis on astaxanthin and canthaxanthin, have concerned relevant subjects such as use of Antarctic krill as a feed and carotenoid source (ref. Sources of carotenoids A variety of carotenoids, both synthetic and naturally occurring products, are available or are being developed for use in aquaculture. Included are synthetically produced astaxanthin (3,3'-dihydroxy-P, P-carotene-4,4'-dione) and canthaxanthin (p, p-carotene-4,4'-dione) and natural materials such as krill, Spirulina, crustacean-meals, marigold, Capsicum, and other xanthophyll-containing vegetable meals. Added to this list are commercially available products of the astaxanthin-rich yeast P h f i rhodozyma (refs. 6,16) . Another microbial source being considered is the microalga Haemafococcus pluvialis (ref. 6 ).
Carotenoids are the primary source of pigmentation in ornamental or tropical fish, responsible for various species-related yellow, red, and related colors. Normally these are obtained through carotenoid-containing organisms in the aquatic food chain, but commercial feed ingredients such as yellow corn, corn gluten meal, and alfalfa are used as sources of carotenoids such as zeaxanthin and lutein (ref. 10). Other carotenoid-rich ingredients used are marigold meal (lutein), red pepper (Capsicum sp.) extract (capsanthin) and krill or crustacean meals (astaxanthin) (refs. 11,12) . Canthaxanthin has been shown to be an effective pigmenter for the tropical fish Trichogusfer leeri (ref. 9) , and especially to enhance reproductive processes.
Carotenoids and crustaceans
Astaxanthin is the predominant carotenoid in decapod crustacea and has been studied extensively with the prawn Penaeus japonicus (ref. 14) . Oxidative pathways suggested for metabolism of dietary carotenoids include that of p-carotene and zeaxanthin to astaxanthin. In addition, prawns can directly deposit astaxanthin in their tissues. A comparison of dietary astaxanthin, canthaxanthin, and p-carotene showed astaxanthin to be most effective for prawn pigmentation. All three carotenoids led to the deposition of mainly astaxanthin esters. Dietary astaxanthin is stored in the integument, carapace and epidermis, and hepatopancreas of the prawn. Recently, Chien and Jing (ref. 15 ) observed a higher rate of survival of P. juponicus on astaxanthin-supplemented diets compared with those containing p-carotene or algal meal. It was postulated that astaxanthin in the prawn may serve as an intracellular oxygen reserve, allowing the crustacean to survive under the hypoxic conditions of pond culture systems. Howell and Matthews (ref. 13) studied discoloration, "blue disease", of farmed tiger prawn Penueus monodon, attributed to a nutritional lack of carotenoids. The main carotenoids present in P. monodon exoskeletons were astaxanthin, astaxanthin esters and p-carotene. The "blue" pond-raised prawns had a total carotenoid concentration of 4. oids and ornamental fish= otenoids and salmonids The pink to red color in salmonid flesh is due to carotenoids of dietary origin. In wild salmonids, the predominant carotenoid is astaxanthin, derived from feeding on carotenoidrich crustaceans. The range of carotenoid levels in wild salmonids will vary, reflecting differences in the prey, fish size, stage of maturity, and specific pigment metabolism. Carotenoid levels may range from 26-39 mg/kg flesh for sockeye salmon to 8-9 mg/kg flesh for chinook salmon and >3 mg/kg flesh in rainbow trout. In farmed salmonids, astaxanthin and canthaxanthin are supplemented to feed to impart the desired flesh coloration (ref. S a r t -f e e d w Dependable availability of postlarvae, fry, or fingerlings is a critical factor in fish and crustacean culture. Significant progress has been made, due largely to better understanding of nutrition and enrichment diets and the importance of n-3 highly unsaturated fatty acids (HUFA), particularly eicosopentaenoic acid (22:5) and docosahexaenoic acid (22:6). Torrissen (ref. 19) examined the effect of carotenoids in Atlantic salmon eggs and start-feeding diets on survival and growth. Diets supplemented with synthetic astaxanthin and canthaxanthin promoted growth rates during the early start-feeding period. Astaxanthin was the predominant carotenoid present in the eggs. Subsequently, positive effects of astaxanthin and canthaxanthin, as supplements (30 Actomyosins from salmonids showed a higher affinity for ketocarotenoids than did those of other fishes except for common mackerel.
Factom affect inP carotenoid fu nction in fish
Among the many factors affecting carotenoid function in fish (refs. 4,5) are pigment source, form and concentration, diet composition, especially fat content, fish size, physiological state and stage of sexual maturation, and genetic background. Researchers have focused on carotenoid digestibility or intestinal absorption and metabolism and excretion, all of which affect dietary carotenoid utilization and retention. Astaxanthin absorption also depends on the concentration used and whether it is provided in its free form or as a diester. The effects of abiotic factors, i.e., temperature and salinity, have also been examined in studies involving both immature and mature salmonids, including female specimens. No and Storebakken (refs. 35/36) examined the effect of salinity and water temperature on pigmentation of rainbow trout, using diets prepared with astaxanthin or canthaxanthin in both fresh water and saltwater. Salinity of the rearing water did not affect the carotenoid composition. Dietary carotenoids were deposited unmodified in the flesh. Astaxanthin was mainly deposited as astaxanthin in the skins while the carotenoids in the skin of trout fed the canthaxanthin-supplemented diet were canthaxanthin and its reductive metabolites. Studies of pigmentation with astaxanthin at temperatures of 5OC and 15OC failed to demonstrate differences in total carotenoid retention although the skin of rainbow trout accumulated more carotenoid at the lower temperature. A difference of 30-50% between retention and digestibility of astaxanthin was noted, indicating the need for further diet formulations and mechanisms to increase astaxanthin utilization. Torrissen (ref. 18 ) demonstrated that astaxanthin is deposited in the flesh of rainbow trout more effectively than canthaxanthin due to preferred absorption in the digestive tract as well as deposition in the flesh. A combination of both pigments in the diet gave a higher total carotenoid deposition in the flesh than did either one alone. Deposition increased with increasing fish weight. Foss et al. (ref. 37) observed that rainbow trout utilize dietary unesterified astaxanthin 1.3-1.5 times more efficiently than canthaxanthin, a result attributed to differences in digestibility, better ability of muscle actomyosin to bind astaxanthin, and a higher metabolic turnover of canthaxanthin. Values reported for retention of dietary carotenoids in trout vary from 3-18% for astaxanthin and 2-7% for canthaxanthin. Dissimilar distributional patterns of carotenoids occur at various life stages: fry and fingerlings deposit carotenoids mainly in the skin; post-juvenile fish deposit carotenoids in the flesh; at sexual maturation, carotenoids are mobilized from the flesh and selectively transferred to the skin and gonads.
Foss et al. (ref. 37) and

SALMONID FEEDING TRIALS WITH DIETS SUPPLEMENTED WITH ASTAXANTHIN AND CANTHAXANTHIN
Studies of dietary carotenoids in salmonids have focused on carotenoid digestibility, transport and clearance, and deposition and retention. Storebakken and No (ref. 7) summarized data on metabolism and quantitative aspects of pigmentation in farmed rainbow trout. Dietary lipids directly affect carotenoid deposition levels. Free astaxanthin is more effectively utilized than canthaxanthin, with the former giving flesh a more reddish hue than canthaxanthin at comparable flesh concentrations. Absorption occurs in the intestine with conversion into vitamin A mainly in the intestinal wall. Carotenoids are transported in the blood by lipoproteins with the liver being a major organ for carotenoid metabolism. With sexual maturity, carotenoids are transferred from the flesh to skin and gonads. The skin of trout fed diets with astaxanthin mainly contains astaxanthin and its esters.
Investigations of absorption and distribution of "T-labeled canthaxanthin in rainbow trout (ref. 38) showed the skin, muscle, liver, and kidney to have the highest proportion of 14C in the tissues examined, other than the gastrointestinal tract. Specific activity was higher in the serum than in other tissues. Biliary excretion was shown to be a major excretory route of products of canthaxanthin metabolism. This may explain the large discrepancy between absorption of canthaxanthin in the gastrointestinal tract, as measured in digestibility studies, and net retention of the carotenoid in salmonid tissues. An average retention of 6.5% was reported with apparent digestibility between 39 and 49.5%. Torrissen et al. (ref. 4) calculated a 4-5% retention using typical salmon feed canthaxanthin levels. Apparent digestibility of carotenoids by salmonids shows large variations, from ca 13% for astaxanthin dipalmitate with sea trout to 97% for free astaxanthin with Atlantic salmon. Discrepancies between digestibility and retention values of carotenoids in salmonids suggest that considerably higher levels of these pigments are absorbed by salmon than are deposited and retained in the flesh. Overestimation of carotenoid digestibility may also be due to destruction of carotenoids in the feces.
The capacity for carotenoid deposition in the flesh of rainbow trout varies from start feeding to sexual maturation (ref. 
FUTURE DEVELOPMENTS
All forecasts indicate that global aquaculture will increase significantly by the end of this decade. Advances in diet development and nutrition will include use of alternative proteins in reduction of dietary fish meal and improvement in start-feeding diets for early stages of growth. Significant advances can be anticipated in analysis of nutritional requirements of additional finfish species suitable for commercial culture. Reduction in wild stocks through overfishing or by environmental problems will serve to further stimulate global aquaculture. Along with progress in biotechnology and selection of improved strains of aquaculture species, introduction of (genetically-modified) stock into the natural environment will be an issue of ecological importance. Related will be improvement of particular species in terms of growth, disease resistance, and selection of strains with superior attributes for intensive culture.
Further work in salmonid diet development, especially understanding of lipid metabolism and carotenoid transport, will play a major role in improvement of astaxanthin deposition and retention rates. These investigations will lead to increased understanding of the biological or metabolic role of carotenoids, particularly in young animal start-feeding diets and diets for broodstock of salmonids as well as other finfish species. Availability of alternative sources of astaxanthin, i.e., high-producing strains (> 3000 ppm) of the yeast P h f i rhodozyma, will have a notable impact on developments in salmonid culture. Recent investigations have documented the effective use of this yeast in rainbow trout diets (ref. 55) . In view of increased attention being given to the stereoisomer configuration of astaxanthin in wild and cultured salmonids (ref. 20) , further studies may prove feasible to determine any possible differences in the physiological functionality of the different isomers of astaxanthin. Finally, aquaculture product quality will be the focus of increased attention, notably nutritional attributes, sensory aspects, and establishment of optimal processing conditions for more effective postharvest utilization. This is particularly applicable with salmonid species where maintenance of optimal flesh pigmentation characteristics is critical to satisfy consumer demand.
